Thallium accumulation in different organisms from karst and lowland rivers of Croatia under wastewater impact by Mijošek, Tatjana et al.
1 
 
Thallium accumulation in different organisms from karst and lowland rivers of Croatia 1 





















, Mirela Sertić 5 
Perić
3







Ruđer Bošković Institute, Division for Marine and Environmental Research, Bijenička cesta 54, 8 
10000 Zagreb, Croatia  9 
2
Hrvatske vode, Central Water Management Laboratory, Ulica grada Vukovara 220, 10000 10 
Zagreb, Croatia 11 
3
University of Zagreb, Faculty of Science, Department of Biology, Division of Zoology, 12 
Rooseveltov trg 6, 10000 Zagreb, Croatia 13 
 14 
E-mail addresses: tmijosek@irb.hr, vfilip@irb.hr, zdragun@irb.hr, djuric@irb.hr, 15 
nkrasnic@irb.hr, zredzov@irb.hr, marina.veseli@voda.hr, sanja.gottstein@biol.pmf.hr, 16 













corresponding author: tmijosek@irb.hr (Ruđer Bošković Institute, Division for Marine and 29 




The aim of the present research was to investigate the bioaccumulation of Tl, technology-critical 32 
element, in fish intestine and muscle, gammarids and fish intestinal parasites, acanthocephalans, 33 
and to evaluate their potential as indicators of metal exposure in the aquatic environments. 34 
Moreover, total and cytosolic (metabolically available and potentially toxic fraction) Tl 35 
concentrations were measured and compared between intestine of brown trout (Salmo trutta 36 
Linnaeus, 1758) from the karst Krka River and Prussian carp (Carassius gibelio Bloch, 1782) 37 
from the lowland Ilova River. Since there is a scarcity of information on subcellular metal 38 
partitioning in the fish intestine, results on Tl concentrations in digested intestinal tissue, 39 
homogenate and cytosol represent preliminary data on Tl diet borne uptake in salmonid and 40 
cyprinid fish. In both rivers, samplings were performed upstream (reference site) and 41 
downstream (contaminated site) of the wastewater impact in autumn and spring. Total Tl 42 
concentrations were much higher in brown trouts than Prussian carps, as well as proportions of 43 
cytosolic Tl concentrations in intestinal tissue of brown trout (45-71%) than Prussian carp (32-44 
47%), both showing species- and site-specific differences. Considering different bioindicator 45 
organisms, the most effective Tl accumulation was evident in acanthocephalans compared to the 46 
fish tissues and gammarids, confirming the potential of fish parasites as bioindicators of metal 47 
exposure. Trends of spatial and temporal Tl variability were mostly comparable in all indicator 48 
organisms and of total and cytosolic Tl concentrations in intestine of salmonid and cyprinid fish 49 
















Thallium (Tl) is a rare trace metal, but its high toxicity, water solubility and tendency of 64 
bioaccumulation made it a US EPA priority pollutant. Although naturally present in environment 65 
in low concentrations, human activities have greatly increased its presence in nature. The most 66 
common anthropogenic sources of Tl are coal burning, metal mining and smelting, but also a 67 
variety of other applications yielding thallium as a byproduct (Karbowska 2016; Peter and 68 
Viraraghavan 2005). Despite the fact that Tl toxicity is comparable or even higher than toxicity 69 
of mercury, lead or cadmium (Peter and Viraraghavan 2005; Zitko 1975), the studies considering 70 
its ecotoxicological relevance are rare and most of the existing studies were conducted only as 71 
laboratory exposure experiments (Couture et al. 2011; Lan and Lin 2005; Lapointe and Couture 72 
2009; Pickard et al. 2001; Ralph and Twiss 2002; Xiao et al. 2004; Zitko 1975). In nature, Tl 73 
occurs in two oxidation states: monovalent Tl(I) and trivalent Tl(III) (Cheam et al. 1995; Lan and 74 
Lin 2005; Ospina-Alvarez et al. 2015). Compared with trivalent Tl, monovalent Tl is 75 
thermodynamically more stable and less reactive, so in aquatic environments, dissolved thallium 76 
mostly appears as Tl(I) (Couture et al. 2011; Ospina-Alvarez et al. 2015). Toxicity studies using 77 
unicellular algae Chlorella (Ralph and Twiss 2002) and cladoceran Daphnia magna (Lan and 78 
Lin 2005) showed that Tl(III) is more toxic than Tl(I). As one of the technology-critical 79 
elements, Tl has a potential of being used in the development of emerging key technologies such 80 
as energy efficiency, electronics or acoustic-optical measuring devices (Cobelo-García et al. 81 
2015), but potential biological and human health threats need to be further explored.  82 
 83 
A common approach in biomonitoring studies of metal exposure in the aquatic 84 
environment involves measurements of total metal concentrations in different target organs of 85 
bioindicator organisms, usually liver/hepatopancreas and/or gills of bivalves, crustaceans and 86 
fish (Dragun et al. 2018; Geffard et al. 2010; Langston and Bebiano 1998). However, as total 87 
tissue concentrations do not represent metabolically available metal levels, since portion of the 88 
metals is bound to metal-rich granules or detoxified by metal binding proteins 89 
(metallothioneins), the information on metal partitioning and potentially toxic metal fractions can 90 
be obtained by determining metal concentrations at the subcellular level (Barst et al. 2016). After 91 
entering the organisms, some portions of metals are sequestered to few detoxified forms like 92 
metal-binding proteins or granular structures and are therefore indicated as biologically 93 
detoxified metals (Wallace et al. 2003). In contrast, some other metal portions are incorporated 94 
into non-detoxifying components, such as sensitive biomolecules, which could lead to possible 95 
toxic effects (Mijošek et al. 2019b; Urien et al. 2018). Untill now, subcellular metal partitioning 96 
has been investigated mainly in bivalves (Bonneris et al. 2005; Wallace et al. 2003), crustaceans 97 
(Geffard et al. 2010) and fish liver, gills and gonads (Barst et al. 2016; Giguère et al. 2006; 98 
Krasnići et al. 2018; Urien et al. 2018). Despite its importance in diet borne metal uptake 99 
(Clearwater et al. 2000), intestine of freshwater fish was rarely applied as a bioindicator tissue 100 
and existing studies presented only total metal concentrations (Andres et al. 2000; Dallinger and 101 
Kautzky 1985; Filipović Marijić and Raspor 2010, 2012, 2014; Giguère et al. 2004; Jarić et al. 102 
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2011; Nachev and Sures 2016; Staniskiene et al. 2006; Yeltekin and Sağlamer 2019), while 103 
subcellular metal partitioning in fish intestine has not been conducted yet. Thus, due to the lack 104 
of information on Tl accumulation in freshwater organisms from natural habitats, especially 105 
considering dietary Tl uptake in fish, the aim of the present study was to compare Tl 106 
concentrations in different bioindicator organisms and in intestinal tissue of salmonid and 107 
cyprinid fish from rivers impacted by a wastewater discharge.  108 
 109 
In Croatia, the lower part of the karst Krka River was proclaimed national park in 1985, 110 
but its upper part is still directly influenced by industrial (factory of metal based products) and 111 
municipal wastewaters, which are released without proper treatment in the river water. In the 112 
Krka River, salmonid fish are highly infected with intestinal parasites, acanthocephalans, which 113 
enabled comparison of Tl content in fish intestine and its intestinal parasites, acanthocephalans, 114 
as well as in gammarids, therefore comprising organisms involved in parasite life cycle 115 
(crustaceans as intermediate and fish as definitive host). Moreover, acanthocephalans were 116 
reported to effectively accumulate metals, orders of magnitude higher than other indicator 117 
organisms (Filipović Marijić et al. 2013; Sures 2001), but Tl concentrations were rarely 118 
evidenced (Sures et al. 1999; Thielen et al. 2004). Therefore, in the Krka River total Tl 119 
concentrations were compared among acanthocephalan Dentitruncus truttae Sinzar, 1955, its 120 
intermediate host Gammarus balcanicus Schäferna, 1922 and intestine and muscle of its 121 
definitive hosts Salmo trutta Linnaeus, 1758. Lowland Ilova River is a part of the Lonjsko polje 122 
Nature Park, and is threatened by the wastewater influence, mostly produced by a fertilizer 123 
factory. In the Ilova River, the dominant fish species was Carassius gibelio Bloch, 1782, a 124 
mostly herbivorous species not involved in the acanthocephalan life cycle, but was used to 125 
compare diet borne Tl concentrations in intestine of cyprinid fish from the lowland river with 126 
salmonid fish from the karst river. In addition, in both fish species, total Tl concentrations in 127 
digested intestinal tissue (total Tl in tissue) were compared with its concentrations in 128 
homogenates (total Tl in homogenate) and cytosolic fraction, which contains heat-denatured 129 
proteins (HDP, such as enzymes), lysosomes and microsomes (biologically available and 130 
partially toxic metal fraction) and heat-stable proteins (HSP), such as metallothioneins 131 
(detoxified metal fraction) (Bonneris et al. 2005; Urien et al. 2018; Wallace et al. 2003).  132 
 133 
Therefore, additional goals of the presented study were to estimate Tl distribution in the 134 
intestinal tissue (digested tissue, homogenates and cytosols) of fishes from the karst and lowland 135 
rivers, involving spatial (reference and contaminated site) and temporal (autumn and spring) 136 
variability. Moreover, the potential of Tl accumulation in acanthocephalans, gammarids and fish 137 
intestine and muscle was compared and used as a tool in metal exposure assessment of the Krka 138 
and Ilova rivers. 139 
 140 
 Experimental 141 
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Study areas and sampling 142 
The two study areas were selected as freshwater ecosystems of specific ecological 143 
characteristics, karst Krka River and lowland Ilova River. At each area, the sampling was carried 144 
out at two sampling sites (reference and contaminated) and in two seasons (autumn and spring).  145 
Krka River is a typical karst river in Croatia, known by travertine waterfalls and 146 
exceptional natural beauty, which is threatened by the technological and municipal wastewaters 147 
discharges, only 2 km upstream of the park border. Based on the physico-chemical water 148 
parameters and dissolved metal levels in the river water (Filipović Marijić et al. 2018; Sertić 149 
Perić et al. 2018), Krka River source was chosen as a reference site, while the contaminated site 150 
was located downstream of the wastewater outlets near the town of Knin. Bioindicator organisms 151 
from the Krka River were salmonid fish brown trout (Salmo trutta Linnaeus, 1758), gammarid 152 
species Gammarus balcanicus Schäferna, 1922 and acanthocephalan Dentitruncus truttae Sinzar, 153 
1955. Sampling campaigns were performed in autumn 2015 and spring 2016.  154 
Ilova River is a lowland river in a central continental part of Croatia and its lower course is 155 
influenced by municipal (the town of Kutina) and industrial (petrochemical processing of natural 156 
gas in production of fertilizers) wastewaters. The site near the Ilova village was taken as a 157 
reference site and it is located upstream of the known pollution sources, while the contaminated 158 
site is situated near the Trebež village and 8 km downstream of the confluence of the Kutinica 159 
River that discharges industrial wastewater originating from a fertilizer factory (Radić et al. 160 
2013). Contaminated site is located in wetland area protected as a Lonjsko Polje Nature Park. 161 
Bioindicator organism was cyprinid fish Prussian carp (Carassius gibelio Bloch, 1782). 162 
Sampling campaigns at the Ilova River were conducted in autumn 2017 and spring 2018.  163 
Fish sampling was performed by electro-fishing, following the Croatian standard HRN EN 164 
14011 (2005). Captured specimens of fish were kept alive in aerated water tank till further 165 
processing in the laboratory. Gammarids were collected at the same locations as fish, using 166 
benthos hand net (625 cm
2 
and mesh size 250 μm).  167 
The river water samples were collected in triplicates in acid pre-cleaned polyethylene 168 
plastic bottles at each site. Immediately after sampling water was filtered through a 0.45 μm pore 169 
diameter cellulose acetate filter (Sartorius, Germany) mounted on syringes. Aliquots of filtered 170 
samples for metal analyses were transferred into acid pre-cleaned 20 mL polyethylene plastic 171 
bottles and acidified with 400 μL of concentrated nitric acid (HNO3) (Rotipuran® Supra 69%, 172 
Carl Roth, Germany) and stored at 4 °C until metal measurement. 173 
 174 
Dissection and sample preparation 175 
Before tissue dissection, basic fish biometric parameters, total length and body mass, were 176 
recorded and condition indices were calculated. Individuals of both fish species were euthanized 177 
with freshly prepared anesthetic tricainemethane sulphonate (MS 222, Sigma Aldrich) in 178 
accordance to the Ordinance on the protection of animals used for scientific purposes (European 179 
Union 2010). Muscle and intestinal tissue were dissected and weighed for further Tl 180 
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determination. Gonads and liver were also weighed in order to calculate gonadosomatic and 181 
hepatosomatic indices. In the Krka River, fish intestinal parasites were isolated from the intestine 182 
and counted in each specimen. Gammarids were cleaned and pooled for further analyses due to 183 
their small sizes and masses. In autumn, 14 and 16 pooled samples of gammarids from the 184 
reference and contaminated site were obtained, respectively and in spring 10 and 17 pooled 185 
samples from the reference and contaminated site, respectively. All samples were stored at -80 186 
°C until further analyses.  187 
 188 
 Acid digestion of muscle and intestinal tissue, gammarids and acanthocephalans  189 
All samples were digested in a drying oven at 85 ºC for 3.5 h using HNO3 (Rotipuran® 190 
Supra 69%, Carl Roth, Germany) and H2O2 (Suprapur®, Merck, Germany) in a volume ratio of 191 
2:1 for fish muscle and intestine and 3:1 for gammarids and acanthocephalans. Before Tl 192 
measurements, all samples were 5 times diluted with Milli-Q water.  193 
 194 
Homogenization, digestion and preparation of cytosolic fractions of fish intestinal tissue for Tl 195 
measurement 196 
Samples of intestinal tissue of both fish species were homogenized in 5 volumes of buffer 197 
which contained 100 mM Tris-HCl/base (Merck,Germany, pH 8.1 at 4 °C) with 1 mM 198 
dithiothreitol (DTT, Sigma, USA) as a reducing agent and 0.5 mM phenylmethylsulfonyl 199 
fluoride (PMSF, Sigma, USA) and 0.006 mM leupeptin (Sigma, USA) as protease inhibitors. 200 
Tissues were homogenized by 10 strokes of Potter-Elvehjem homogenizer (Glas-Col, USA) in 201 
an ice-cooled tube at 6000 rpm. One part of the homogenate was digested in order to determine 202 
the total metal content (insoluble and soluble tissue fraction). Rest of the homogenate volumes 203 
were centrifuged in the Avanti J-E centrifuge (Beckman Coulter, USA) at 50,000×g for 2 h at 4 204 
°C to obtain the soluble tissue cytosolic fractions (Urien et al. 2018; Wallace et al. 2003).  205 
Intestinal homogenates and cytosolic fractions were digested by addition of oxidation 206 
mixture, which contained concentrated HNO3 and 30% H2O2 (v/v 3:1) in a laboratory dry oven at 207 
85 °C for 3.5 h. Before Tl measurement, cooled samples were five times diluted with Milli-Q 208 
water. Acid digestion efficiency was checked by digestion of fish muscle certified reference 209 
materials for trace metals (DORM-2, National Research Council of Canada, NRC, Canada). 210 




while the average value of five performed measurements 211 




giving the recovery of 100%. 212 
 213 
HR ICP-MS measurement of Tl concentrations 214 
Thallium concentrations were measured in prepared samples using high resolution 215 
inductively coupled plasma mass spectrometer (HR ICP-MS, Element 2; Thermo Finnigan, 216 
Germany), equipped with an autosampler SC-2 DX FAST (Elemental Scientific, USA). 217 
Measurement was operated in a low- resolution mode. Calibration solution was prepared by 218 
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dilution of 100 mg L
−1 
multielement stock standard solution (Analitika, Czech Republic) and 219 
indium (1 µg L
-1
, Indium Atomic Spectroscopy Standard Solution, Fluka, Germany) was added 220 
as an internal standard to all samples and solutions. The accuracy of HR ICP-MS measurements 221 
was tested using quality control sample QC trace metals (catalogue no. 8072, UNEP GEMS, 222 
Burlington, Canada). Limit of detection (LOD) was calculated as three times the standard 223 
deviation of the mean of ten blank determinations (100 mM Tris-HCl/Base, 1 mM DTT) and 224 




Data processing and statistics 227 
Results on Tl concentrations in digested homogenates (total Tl content) and cytosols 228 
(metabolically available Tl content) were compared between salmonid and cyprinid fish species. 229 
In order to enable appropriate comparison of Tl accumulation in organisms involved in 230 
acanthocephalan life cycle, Tl contents were presented as total concentrations in digested fish 231 
muscle and intestinal tissue and in the whole gammarids and acanthocephalans from the Krka 232 
River. All concentrations obtained in this study are presented as μg kg
-1
 of wet tissue weight 233 
(w.w.). 234 
Basic calculations were made in Microsoft Excel 2007, while the significance of 235 
differences between seasons or locations was tested in SigmaPlot 11.0 (Systat Software, USA) 236 
by application of Mann-Whitney U-test, since assumptions of normality were not always met. 237 
The level of significance was set to 95% (p<0.05) and is indicated in the tables or text. Data are 238 
presented as mean ± standard deviation.  239 
Fish indices were calculated according to the following equations: Fulton condition index 240 
(FCI = (W/L
3
) × 100; Ricker 1975), hepatosomatic index (HSI = (LW/W) × 100; Heidinger and 241 
Crawford 1977) and gonadosomatic index (GSI = (GW/W) × 100; Wootton 1990), where W is 242 
the fish mass (g), L is the total length (cm), LW is the liver mass (g) and GW is the gonad mass 243 
(g). 244 
The levels of parasite infection were quantified by prevalence, which describes the number 245 
and percentage of infected fish, and by mean intensity of infection, which represents an average 246 
number of parasites per fish host (Bush et al. 1997). Bioconcentration factors (BCF) were 247 
calculated according to Sures et al. (1999) as the ratio of the element concentration in the 248 
parasites and the concentration in the host tissue.  249 
 250 
Results and discussion 251 
Thallium concentrations in the karst and lowland river water 252 
Thallium concentrations in water were rather low in both, Krka and Ilova rivers, with the 253 
average concentrations 5-13 ng L
-1
. At the Ilova village site, comparable Tl concentrations were 254 
recorded with those at both sites in the Krka River (5-8 ng L
-1
), while concentrations were 255 
slightly higher at the contaminated site near the Trebež village (9-13 ng L
-1
) (Fig. 1). Therefore, 256 
spatial Tl differences were considered significant only in the Ilova River, as higher Tl 257 
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concentrations in water from the contaminated site in both seasons compared to the reference 258 
site. Seasonal differences were significant at the Trebež village, as higher Tl concentration 259 
obtained in autumn than spring. In the Krka River, only slightly higher average Tl values were 260 
evident at the contaminated site near the town of Knin compared to the reference site in both 261 
seasons, but without significant differences (Fig. 1). The contaminated site near the Trebež 262 
village receives contaminating inputs of a fertilizer factory (nitrogenous fertilizers, mineral NPK 263 
fertilizers, carbon black, bentonites and additives for foundries, cattle feed additives) and runoff 264 
from soil contaminated by agriculture (Radić et al. 2013), which all possibly serve as significant 265 
Tl source in water. 266 
 267 
Although Tl is a United States Environmental Protection Agency priority pollutant (EPA 268 
2012), it is not considered as a part of the European Union Water Framework Directive and as 269 
such, there are no official European environmental quality standards for Tl in aquatic systems 270 
(Commission of the European Communities 2006). The Canadian Water Quality Guideline, 271 
however, proposes the total dissolved Tl levels in freshwaters of 0.8 µg L
-1
 (CCME 2003). 272 
Observed Tl concentrations in Croatian rivers are comparable to the average Tl values usually 273 
reported for freshwater ecosystems around the world, which range 5-10 ng L
-1
 in clean waters 274 
(Belzile and Chen 2017; Karbowska 2016; Peter and Viraraghavan 2005). Nielsen et al. (2005) 275 
proposed the global average Tl range of 6±4 ng L
-1
, based on analyses in 12 large rivers. Other 276 
studies reported various Tl concentration ranges in freshwater ecosystems, for example 5-17 ng 277 
L
-1
 in river waters in Poland (Karbowska 2016), 2-443 ng L
-1 
in United Kingdom (Law and 278 
Turner 2011) , about 13 ng L
-1
 in a river whose catchment contained no metal mines to 2640 ng 279 
L
-1
 in water taken directly from an abandoned mine shaft in Cornwall in England (Tatsi and 280 
Turner 2014), 120-570 ng L
-1
 in the Tunuyán River in Argentina (Escudero et al. 2015). 281 
Therefore, in both of our investigated freshwater ecosystems, Tl concentrations in water are 282 
lower or in accordance with the range reported for world rivers.  283 
  284 
Thallium bioaccumulation and distribution in the intestine of brown trout (Salmo trutta) and 285 
Prussian carp (Carassius gibelio) 286 
Fish biometry 287 
Considering brown trouts in the Krka River, average total length and body mass did not 288 
show spatial differences but pointed to seasonal differences in both sites, with significantly 289 
higher fish biometric parameters in autumn. A similar trend was observed in carps from the Ilova 290 
River, with higher average total length and body mass in autumn, although significantly only for 291 
body mass of fish from the Ilova village (Table 1). Higher values of GSI were observed in 292 
spawning periods of both species, late autumn for brown trout (Mrakovčić et al. 2006) and April-293 
July for Prussian carps (Sasi 2008). On the other hand, FCI and HSI values declined in spawning 294 
periods of both species (Table 1), probably as a result of the mobilization of energy reserves 295 
needed for reproductive development (Moddock and Burton 1999). Although lower levels of FCI 296 
9 
 
were often observed in the polluted sites (Couture and Rajotte 2003; Jenkins 2004; Zhelev et al. 297 
2018), in our case, values were significantly higher at the contaminated sites in comparison to 298 
the reference sites in both rivers (Table 1), which could suggest that the contamination impact in 299 
both rivers was not so high to induce additional defence mechanisms which would consequently 300 
result in the decline of FCI values. Therefore, higher values at the contaminated sites might be 301 
associated with a better availability of nutrients (Lambert and Dutil 1997). 302 
 303 
Comparison of total and cytosolic Tl concentrations in the intestine of salmonid and 304 
cyprinid fish 305 
Thallium concentrations in digested tissues and homogenates of brown trout intestine from 306 




depending on the location and season (Fig. 2a, b). 307 
Cytosolic Tl concentrations were slightly lower (8.7-30.8 µg kg
-1
), since cytosolic fraction 308 
involves only part of the total metal levels accumulated in the cell cytosol, which comprises HSP 309 
(metals bound to MT) and HDP
 
(metals bound to enzymes) (Fig. 2c). A pattern of significantly 310 
higher Tl concentrations in intestine of brown trout from the Krka River source compared to the 311 
contaminated site was observed in all fractions in both seasons (Fig. 2a-c), while there were no 312 
significant seasonal differences. On the other hand, 20-30 times lower average Tl concentrations 313 
were observed in all intestinal fractions of the Prussian carp from the lowland Ilova River 314 
compared to brown trout. Obtained range in homogenates and digested tissue of Prussian carp 315 
was 1.2-2.1 µg kg
-1
, and in cytosols 0.5-0.9 µg kg
-1
 (Fig. 3a-c). Thallium concentrations were 316 
significantly higher at the contaminated site near the Trebež village compared to the reference 317 
site in autumn in all fractions, but at the reference site only in cytosols in spring. Considering 318 
temporal variability, significantly higher Tl concentrations were observed in spring in all 319 
intestinal fractions of Prussian carp from the reference site, while in cytosols in autumn at the 320 
contaminated site (Fig. 3a-c). As already mentioned, Tl concentrations in water samples were 321 
low and mostly comparable in both rivers, so dissolved metal levels in the river water cannot 322 
explain such high variability in Tl accumulation between the two species (Fig. 1). Thus, 323 
emphasis should be put on the sediments and dietary metal uptake as possible reasons of these 324 
differences. Furthermore, while brown trout is omnivorous, actually mostly a carnivorous species 325 
(Mrakovčić et al. 2006), Prussian carp is mostly herbivorous fish species (Kottelat and Freyhof 326 
2007), which might influence different Tl accumulation and detoxifying mechanisms in fish 327 
intestine. 328 
Despite species-specific differences in Tl concentrations, the ratio of Tl levels between 329 
digested homogenates and intestinal tissues was comparable in both species, ranging from 85-330 
103% (Table 2). Both Tl values, in digested tissue and homogenate, represent total metal levels, 331 
only obtained by different procedures, which were confirmed as reliable methods for tissue 332 
preparation prior to total metal analyses (Table 2). The portion of metabolically available Tl 333 
content in fish intestine was evaluated based on the ratio between cytosolic and total metal 334 
concentration in the intestinal tissue of both fish species. These ratios revealed that Tl is present 335 
in the metabolically available fraction (cytosol), which contains the potentially toxic metal 336 
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fraction, from 45 to 71% in brown trout and from 32 to 47% in Prussian carp, depending on the 337 
location and season (Table 2). However, high percentage in cytosolic fractions does not 338 
completely reflect potentially toxic Tl levels in the cells, because besides microsomes, lysosomes 339 
and heat-denaturable proteins, cytosols also involve heat-stable proteins, like metallothioneins, 340 
which can contain a metal detoxified fraction (Bonneris et al. 2005), so at least some part of Tl 341 
present in the cytosol will probably still be detoxified.  342 
In the same specimens of brown trouts, similar proportions of cytosolic and total Tl 343 
concentrations were reported for the liver tissue, in which proportions were around 67% and 344 
63% at the reference and contaminated site, respectively (Dragun et al. 2018). To our knowledge, 345 
the data on cytosolic Tl concentrations in the intestinal tissue of freshwater fish species have not 346 
been published yet, so we cannot discuss on the regular distribution of Tl in the fish intestine. 347 
There is general scarcity of information on Tl distribution at the subcellular level in aquatic 348 
organisms. In few existing studies, Lapointe et al. (2009) and Lapointe and Couture (2009) 349 
reported that Tl mostly binds to the heat-stable proteins and granules in the liver of Pimephales 350 
promelas, while Rosabal et al. (2015) and Barst et al. (2016) confirmed dominant binding of Tl 351 
to the heat-stable proteins (HSP) in the liver of Anguilla anguilla, Anguilla rostrata and 352 
Salvelinus alpines, respectively. Moreover, Barst et al. (2016) observed the differences in Tl 353 
detoxifying mechanisms of S. alpines inhabiting four lakes with different environmental 354 
conditions, possibly the same as for the observed differences between the two fishes from the 355 
Krka and Ilova River. Regarding invertebrate species, in Chironomus riparius and Daphnia 356 
magna exposed to Tl-contaminated food, >55% and >40% of the total Tl levels were found to be 357 
bound to HSP, respectively (Dumas and Hare 2008). A major association of Tl with HSP 358 
corresponds to the relatively high presence of this metal in the fish intestinal cytosols in our 359 
study, while differences between the two fish species might be associated to the different biology 360 
and ecology of salmonid and cyprinid fish, as well as to the natural and anthropogenic site 361 
differences.   362 
 363 
Comparison of Tl bioaccumulation among fish, gammarids and acanthocephalans from the karst 364 
Krka River 365 
Biological characteristics of acanthocephalans 366 
Almost all brown trout individuals from the Krka River were infected with parasites, 367 
except one fish from the reference site in spring (Table 3). Total number and mean intensities of 368 
infection were higher in autumn than spring in both locations, and this difference was much more 369 
pronounced at the contaminated site near the town of Knin (Table 3), with 6 times higher total 370 
parasite number at that site in autumn than in spring. Vardić Smrzlić et al. (2013) have already 371 
reported high acanthocephalan prevalence and similar trends in brown trout from the Krka River 372 
during 11 sampling campaigns (2005-2008). In their research, the highest mean intensity of D. 373 
truttae infection was also in the autumn period, similarly to the study of Paggi et al. (1978), who 374 
reported high prevalence (90.9–100%) of D. truttae infection in S. trutta from the Tirino River in 375 
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Italy, with the highest prevalence and intensity of infection between August and October. 376 
Increase in parasite abundance during autumn could be due to the life-cycle of their intermediate 377 
hosts, mostly gammarids, which reproduce in late summer and autumn, possibly influencing the 378 
highest acanthocephalan prevalence and abundance in that period (Kennedy 1985). Regarding 379 
ecotoxicological studies, high prevalence and number of acanthocephalans is actually in 380 
accordance with relatively low dissolved Tl concentrations in the river water, because abundance 381 
and species richness of endoparasites with indirect life cycles, such as acanthocephalans, tend to 382 
decrease under very stressful conditions and significantly increased level of pollution 383 
(MacKenzie 1999; Marcogliese 2004).  384 
Prevalence and total parasite numbers in our study were higher than in other studies in 385 
Croatia, i.e. compared to chubs infected with Pomohorhynchus laevis and Acanthocephalus 386 
anguillae from the Sava River, which prevalence and total parasite numbers were 53% and 167 387 
for P. laevis, respectively, and 47% and 120 for A. anguillae, both obtained during fish spawning 388 
period (Filipović Marijić et al. 2014). As the spawning period for the brown trout occurs in late 389 
autumn (Mrakovčić et al. 2006), higher infection rates during the spawning period were 390 
confirmed in our research as well. Obtained infection rates were also higher in comparison to S. 391 
trutta from other rivers, for examples from three streams in northern Italy (Brenta River) with 392 
reported prevalence of infection with different acanthocephalan species of 2-75% (Dezfuli et al. 393 
2001) and from Kilise stream in Turkey (Murat River) with reported prevalence of 394 
Echinorhynchus baeri  infections of 84.5% (Amin et al. 2016).  395 
 396 
Total Tl concentrations in different bioindicator organisms  397 
Thallium accumulation was the highest in acanthocephalans compared to gammarids and 398 
fish intestine and muscle in all sites and seasons. Thallium concentrations in fish intestinal tissue 399 
and gammarids were similar, while the lowest accumulation was observed in fish muscle (Fig. 400 
4a-d). Spatial differences in Tl accumulation were significant in the fish intestine and muscle and 401 
in gammarids, with higher concentrations observed in organisms from the reference site (Fig. 4b-402 
d). Temporal differences were significant only in gammarids, showing higher Tl concentrations 403 
in spring (Fig. 4b).  404 
As for acanthocephalans, significant differences were not observed, although average 405 
values were evidently higher at the reference compared to the contaminated site in both seasons 406 
and in spring at both locations (Fig. 4a). However, as in many other studies, high variability in 407 
metal levels was observed among acanthocephalan individuals, probably as a reflection of host 408 
mobility, different parasite age and thus different exposure time or differences in metal uptake 409 
rate among parasite individuals (Filipović Marijić et al. 2013; Sures et al. 1999). Average Tl 410 
concentrations in acanthocephalans from the Krka River were higher than the average Tl 411 
concentration in Acanthocephalus lucii from the lake Mondsee in Austria (300 µg kg
-1
) (Sures et 412 




(Thielen et al. 2004).  414 
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In gammarids, Tl concentrations ranged from 15.2 to 50.4 µg kg
-1
 w.w., with significantly 415 
higher levels at the reference site in both investigated seasons, and in spring at both sites (Fig. 416 
4b). The same trend of significantly higher Tl concentrations at the reference site was confirmed 417 
by the fish samples; the fish intestine in both seasons and fish muscle in autumn (Fig. 4c-d). 418 
Thallium was less accumulated in the fish muscle than in the intestine (Fig. 4c-d), which was 419 
expected knowing the importance of the intestinal tissue in diet borne metal uptake (Dallinger et 420 
al. 1987; Clearwater et al. 2000). Different ecotoxicological studies have already reported that 421 
fish muscle represents one of the tissues with the lowest metal concentrations (Farkas et al. 2002; 422 
Nachev and Sures 2016). The average Tl values in brown trout muscle (5-17 µg kg
-1 
w.w.) are in 423 
the lower range reported for typical concentrations of Tl in muscle of different fish species (0.74-424 
110 µg kg
-1 
w.w.) (Cunningham et al. 2019; Das et al. 2006; Engström et al. 2004; Karbowska 425 
2016). Jardine et al. (2019) examined concentrations of Tl in a food web of the Slave River in 426 
Canada and found that tissue concentrations declined with increasing trophic position. Tl 427 
concentrations were measured in large and small fish, invertebrates and periphyton and fish had 428 
the lowest concentrations. Average total Tl concentrations in the muscle of pike, walleye and 429 
whitefish were 0.005 mg kg
-1
 w.w. which is comparable to our results for the brown trouts from 430 
the town of Knin. (Jardine et al. 2019). Other than that, Gantner et al. (2009) reported the range 431 
of 0.005-0.017 mg kg
-1
 among years for Arctic char (Salvelinus alpinus) from the Lake Hazen in 432 
Canada. Average Tl concentration for lake trout (Salvelinus namacycush) from Lake Michigan 433 
was 0.14 mg kg 
-1
 w.w. which is much higher than values obtained in our research (Lin et al. 434 
2001). In the same specimens of brown trout, average Tl concentrations in fish intestine and 435 




, depending on the season and location (Dragun et al. 2018). Other than that, in the same fish, 437 
trend of higher concentrations in samples from the reference site was proven significant for the 438 
total and cytosolic concentrations of Tl and few other metals, Cd, Cs and Mo, in at least one 439 
season in intestinal tissue and liver and gammarids (Dragun et al. 2018; Mijošek et al. 2019a, 440 
2019b). However, as levels in water samples were comparable (Fig. 1), the cause of significantly 441 
higher Cd, Cs, Mo and Tl concentrations in fish from the reference site cannot be explained by 442 
waterborne uptake and it requires further investigation, with special focus on river sediments and 443 
food as other metal sources, considering dietary intake as the important uptake route in fish 444 
(Clearwater et al. 2000). Diet content has already been shown as an important source of Tl in 445 
juvenile fathead minnows by Lapointe and Couture (2009), where diet borne exposure route was 446 
suggested as even more important risk of Tl toxicity than waterborne exposure route because 447 
aqueous Tl appeared to be better regulated.  448 
 449 
Bioconcentration factors (BCF) were calculated to express the relation of Tl concentrations 450 
in the intestinal parasites and host tissues and gammarids (Table 4). Following similar Tl 451 
concentrations, BCF were mostly comparable between gammarids and fish intestinal tissue and 452 
ranged from 20-30 in gammarids and 17-34 in the fish intestine.  BCF were much higher in 453 
relation to the fish muscle (49-112) (Table 4). Evidently higher accumulation in 454 
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acanthocephalans than in fish tissues and intermediate hosts is probably based on the parasite 455 
dependence on host micronutrients since they lack a gastrointestinal system (Sures 2002). 456 
Although there is not much data on BCF regarding Tl concentrations, we could make 457 
comparison with the research of Sures et al. (1999), who reported the BCF of Tl in 458 
Acanthocephalus lucii, with respect to different organs of perch as host and zebra mussels, of 30 459 
for both fish intestine and muscle, which is in accordance with our results for the intestine, but 460 
not for the muscle. Another research conducted by Thielen et al. (2004) reported higher BCF 461 
than in our study, which were 60 for the Tl analyzed in Pomphorhynchus laevis in relation to the 462 
intestine of barbel.  463 
BCF provide information on the duration of metal exposure (Siddall and Sures 1998) in the 464 
environment as parasites accumulate metals more rapidly due to their short life span of 50-140 465 
days (Kennedy 1985) in comparison to the average life span of fish (10-15 years) (Kottelat and 466 
Freyhof 2007). Therefore, BCF provide a possibility of comparing short term and long term 467 
metal exposure, so high ratio between concentrations in parasite and concentration in the host 468 
tissues serves as an indication of the recent increase in metal exposure, while low ratio with 469 
generally high metal levels indicates a longer, continuous exposure (Siddall and Sures 1998; 470 
Sures et al. 1999). Our results might be considered as an indication of continuous metal exposure 471 
in the Krka River, with comparable levels at both locations, with exception of BCF for 472 
acanthocephalan/muscle ratio at river source in spring (Table 4). Such results confirm previous 473 
findings on higher Tl concentrations in fish, gammarids and parasites from the Krka River source 474 
and require further investigation, with special focus on river sediments and food as possible 475 
metal sources. However, as metal levels can be influenced by different factors as age, size or fish 476 
physiological condition, season and breeding time, changes in BCF can also reflect all of these 477 
parameters, and not only the environmental exposure so they should be interpreted with caution. 478 
 479 
Conclusions 480 
Dissolved Tl concentrations were rather low and comparable in the water of the karst Krka 481 
River and lowland Ilova River in Croatia (average 5-13 ng L-1). Salmonid and cyprinid fish 482 
species from the two investigated rivers showed different Tl accumulation capacity. In addition, 483 
in the Krka River, higher Tl concentrations were observed in all bioindicator organisms from the 484 
reference site compared to the site influenced by the wastewater impact. All of this might reflect 485 
other Tl sources besides water (sediment and/or food) and possibly some more significant natural 486 
origin of Tl in the area of the Krka River source, but this phenomenon needs further 487 
investigation.  488 
Thallium concentrations and BCF values showed the most effective Tl accumulation in 489 
acanthocephalans in comparison to the fish intestine and muscle and gammarids, which 490 
confirmed the potential of fish parasites to be applied as bioindicator organisms of metal 491 
exposure in the aquatic ecosystems. However, due to large variations in metal accumulation in 492 
acanthocephalans, results should be interpreted with caution and the topic needs further research. 493 
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Comparison of Tl distribution in the intestine of fish from the Krka and Ilova River 494 
revealed that on average, Tl is present in the metabolically available fraction (cytosol), which 495 
could potentially be toxic, from 45 to 70% in brown trout and from 30 to 50% in Prussian carp. 496 
Tl concentrations were also much higher in salmonid than cyprinid fish, which could be 497 
associated with different ecology of the species and different Tl sources in the two rivers. Hence, 498 
Tl accumulation showed both species- and site-specific differences. The obtained Tl proportions 499 
in the cytosolic cellular fraction, i.e. metabolically available, are in accordance with the available 500 
literature data and since cytosols include heat-stable proteins, part of the metal will probably still 501 
be detoxified in the organisms.  502 
To our knowledge, these are the first data on the distribution of Tl in the intestinal fish 503 
tissue, so presented results can serve as preliminary data on total and cytosolic Tl concentrations 504 
in intestine of salmonid and cyprinid fish. Further research should be focused, besides on total 505 
and cytosolic Tl content, on the detailed distribution in subcellular intestinal fractions to increase 506 
our knowledge on this technological critical element and Tl impact on aquatic organisms. 507 
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Figure captions: 808 
 809 
Fig 1. Thallium concentrations in water samples from the Krka and Ilova River from two 810 
sampling sites (reference and contaminated site) and two sampling campaigns (autumn and 811 
spring). Statistically significant differences (Mann-Whitney U test) at p<0.05 level between two 812 
seasons at each sampling site are marked with asterisk (*) and solid line, and between two 813 
























Fig 2. Thallium concentrations (mean±S.D., μg kg
−1
 w.w.) in different fractions of the intestinal 836 
tissue of S. trutta from the Krka River at two sampling sites (reference and contaminated site) in 837 
two sampling campaigns (autumn and spring). Statistically significant differences (Mann-838 
Whitney U test) at p<0.05 level between two seasons at each sampling site are marked with 839 
asterisk (*) and solid line, and between two sampling sites within the same season with different 840 
superscript letters (A and B). Site legend: green – Krka River source, autumn season; dashed-841 
green – Krka River source, spring season; yellow - town of Knin, autumn season; dashed-yellow 842 







Fig 3. Thallium concentrations (mean±S.D., μg kg
−1
 w.w.) in different fractions of the intestinal 848 
tissue of C. gibelio from the Ilova River at two sampling sites (reference and contaminated site) 849 
in two sampling campaigns (autumn and spring). Statistically significant differences (Mann-850 
Whitney U test) at p<0.05 level between two seasons at each sampling site are marked with 851 
asterisk (*) and solid line, and between two sampling sites within the same season with different 852 
superscript letters (A and B). Site legend: green – Ilova village, autumn season; dashed-green – 853 
Ilova village, spring season; yellow - Trebež village, autumn season; dashed-yellow - Trebež 854 








Fig 4. Thallium concentrations (mean±S.D., μg kg
−1
 w.w.) in different bioindicator organisms 861 
from the Krka River at two sampling sites (reference site: Krka River source; contaminated site: 862 
Krka downstream of town of Knin) in two sampling campaigns (autumn and spring). Statistically 863 
significant differences (Mann-Whitney U test) at p<0.05 level between two seasons at each 864 
sampling site are marked with asterisk (*) and solid line, and between two sampling sites within 865 














Table 1. Biometric parameters (mean ± S.D.) of fish caught in the Krka River and the  Ilova River at the reference (Krka River source and Ilova 
village) and contaminated site (Krka downstream of Knin and Trebež village) in two sampling campaigns (autumn and spring). Statistically 
significant differences (Mann-Whitney U test) at p<0.05 level between two seasons at each sampling site are marked with asterisk (*) and between 
two sampling sites within the same season are assigned with different superscript letters (A and B). 









































































































































Table 2. The proportions of Tl amount present in the cytosolic fractions of intestinal tissue of S. trutta and C. gibelio at two sampling sites in two 
sampling campaigns (expressed as percentage %). The ratio on total metal levels obtained by two different procedures is given as well 
(Homogenate/whole tissue). All fractions (cytosol, homogenate, whole tissue) were digested using HNO3 and H2O2. 












Krka source - autumn 64 61 94 
Krka source - spring 69 71 102 
town of Knin - autumn 45 46 103 




Ilova - autumn 41 38 92 
Ilova - spring 45 39 85 
Trebež - autumn 47 45 95 




Table 3. Characteristics of acanthocephalans hosted in S. trutta: prevalence (number and percentage of infected fish), mean intensity of infection 
(mean ± S.D.) and total number of parasite individuals. 
             Krka River source    town of Knin 








Prevalence (number and % 










Mean intensity of infection 









Total number of parasite 

































22.88 29.68 20.34 28.85 
Acanthocephala/ 
intestine  
17.09 34.31 16.53 33.31 
Acanthocephala/ 
muscle 
49.15 112.49 61.82 87.60 
 
 
 
